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Hepatitis C virus (HCV) is an important cause of liver disease worldwide. Current therapies are inadequate
for most patients. Using a two-hybrid screen, we isolated a novel cellular binding partner interacting with the
N terminus of HCV nonstructural protein NS5A. This partner contains a TBC Rab-GAP (GTPase-activating
protein) homology domain found in all known Rab-activating proteins. As the first described interaction
between such a Rab-GAP and a viral protein, this finding suggests a new mechanism whereby viruses may
subvert host cell machinery for mediating the endocytosis, trafficking, and sorting of their own proteins.
Moreover, depleting the expression of this partner severely impairs HCV RNA replication with no obvious
effect on cell viability. These results suggest that pharmacologic disruption of this NS5A-interacting partner
can be contemplated as a potential new antiviral strategy against a pathogen affecting nearly 3% of the world’s

population.

HCYV is a positive single-stranded RNA virus whose 9.6-kb
genome encodes an ~3,000-amino-acid polyprotein that is pro-
teolytically processed into structural proteins (components of
the mature virus) and nonstructural proteins (involved in rep-
licating the viral genome) (15, 20). The nonstructural protein
5A (NS5A) is part of the intracellular membrane-associated
viral replication complex (15). Mutations in NS5A affect the
rate of HCV replication (3). NS5A has generated considerable
interest because of a postulated role in determining the re-
sponse to interferon (21). A variety of host proteins have been
reported to interact with NS5A, although for most their precise
relevance in the HCV life cycle awaits definition.

Like that of all positive-strand RNA viruses, HCV replica-
tion occurs in intimate association with specific intracellular
membrane structures, which for HCV has been termed the
membranous web (8). What host machinery is exploited to
establish these sites of viral replication is unknown. Rab
GTPases are small GTP-binding proteins that regulate vesic-
ular-membrane-trafficking pathways, behaving as membrane-
associated molecular switches (22). Rab proteins have been
previously implicated in the life cycles of various enveloped
viruses and are utilized by these viruses for endocytosis, traf-
ficking, and sorting of their proteins (see, for example, Vonder-
heit and Helenius [33]). Because NS5A has been implicated in
the membrane-associated replication of HCV (10), we hypoth-
esized that among the host cell factors that associate with
NSS5A might be components of host cell membrane-trafficking
machinery. To test this hypothesis, we used the full-length
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NSS5A from genotype 1b as bait to screen a human liver cDNA
prey library in a GAL4-based yeast two-hybrid screen. We have
identified a TBC protein family member, TBC1D20, as a bind-
ing partner of HCV NS5A. TBC domain proteins contain an
~200-amino-acid motif initially identified in the TRE2/BUB2/
CDCI16 genes (25). Like all TBC family members, TBC1D20
contains a Rab-GTPase-activating protein (GAP) homology
domain required for regulating the activity of Rab proteins.
Depletion of TBC1D20 expression severely impaired HCV
replication and inhibited new infection. We propose a
model in which TBC1D20 and the Rab-GTPase(s) under its
control help mediate the establishment of the HCV repli-
cation complex.

MATERIALS AND METHODS

Plasmids. Standard recombinant-DNA technology was used to construct and
purify all plasmids. All regions that were amplified by PCR were analyzed by
automated DNA sequencing. Plasmid DNAs were prepared from large-scale
bacterial cultures and purified with a Maxiprep kit (Marligen Biosciences). Re-
striction enzymes were purchased from New England Biolabs. Yeast plasmids
are described below. The Bart791 plasmid, which contains the HCV subgenomic
replicon Bart791, was described previously (9). To make pEF6-NS5A, full-length
NS5A was amplified from Bart791 and inserted into pEF6 myc-His A (Invitro-
gen) with a stop codon at the end of NS5A and upstream of the sequences
encoding the Myc and His tags.

The plasmid pCMV-Flag-TBC1D20 was made by cloning full-length
TBC1D20 (GenBank accession no. NM_144628) obtained from the yeast two-
hybrid-positive clone into the pcDNA3.1 vector (Invitrogen) with an N-terminal
FLAG tag. The plasmids used for the in vitro translation reactions were pCMV-
HA-TBC1D20, pCMV-NS5A-FLAG, and pPCMV-NS5A mAH-FLAG. To make
pCMV-HA-TBC1D20, full-length TBC1D20 was cloned into pcDNA3.1 with an
N-terminal hemagglutinin (HA) tag. pPCMV-NS5A-Flag was made by cloning
NS5A from Bart791 into pcDNA3.1 with a C-terminal Flag tag. The amphipathic
helix (AH) mutant (mAH) NS5A was previously described (10). Briefly, the
hydrophobic face of the helix was disrupted by site-specific PCR mutagenesis.
Three charged amino acids spaced at intervals along the predicted N-terminal
a-helix were introduced so that no sustained hydrophobic patch remained (iso-
leucine-8, isoleucine-12, and phenylalanine-19 of NS5A were changed to aspar-
tate, glutamate, and aspartate, respectively). To make pCMV-EGFP-TBC1D20,
full-length TBC1D20 was cloned into pEGFP-C1 (Clontech) so that the C
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terminus of green fluorescent protein (GFP) was fused in frame to the N ter-
minus of TBC1D20. To make pCMV-NS5A-DsRed, full-length NS5A was am-
plified from Bart791 and cloned into pDsRed-N1 (Clontech). In this plasmid, the
N terminus of DsRed was fused in frame to the C terminus of NS5A. Bart-HA
was made by removal of amino acids 2209 to 2254 in Bart791 and insertion of a
21-amino-acid-encoding sequence (TACCCGTACGACGTACCGGACTACGC
AGCGGCCGCATACCCGTACGACGTACCGGACTACGCA) corresponding
to two HA tags flanking a NotI site by direct cloning into NS5A of Bart791.

Yeast two-hybrid assays. A GAL4-based yeast two-hybrid screen (Match-
maker yeast two-hybrid system; Clontech, Palo Alto, CA) was used to screen for
host cell-interacting partners of NS5A. Full-length NS5A from genotype 1b was
cloned into the GAL binding domain (BD)-containing plasmid pGBKT?7 (which
supplies leucine) and screened against a human liver cDNA prey library fused to
the GAL4 activation domain (AD) (whose vector supplies tryptophan) (Clon-
tech). For screening, plasmids were transfected into competent AH109 cells
(Clontech) according to the manufacturer’s protocol. Growth on SD medium
(Clontech) without tryptophan, leucine, histidine, and adenine was used as evi-
dence that both an AD (Trp)- and a BD (Leu)-containing plasmid were present
and that a functional interaction occurred (leading to the transcription of genes
producing histidine and adenine). Out of 8.6 X 10° clones screened, we isolated
73 positive clones. DNA from these colonies was extracted, and library plasmids
were isolated by transformation into Escherichia coli and ampicillin selection.
The library insert DNA was sequenced and identified by comparison to the
human genome database. To confirm the interactions, library plasmids were
retransformed into yeast (Saccharomyces cerevisiae), together with plasmid
pGBKT7-NS5A or with pGBKT7-Lamin C as a negative control. Protein part-
ners that regrew in the presence of NS5A and did not grow with the lamin C
control were chosen for further analysis. One of these, TBC1D20, was the result
of a full-length clone isolated in the screen and is the subject of this report. The
TBC1D20-NS5A interaction was further confirmed by switching the bait and
prey plasmids (so that NS5A was fused to the AD and TBC1D20 was fused to the
BD). Cotransfection of the NS5A bait plasmid (BD-NS5A), along with an empty
prey plasmid (AD ™), or of the TBC1D20 prey plasmid (AD-TBC1D20) with an
irrelevant bait (lamin C) plasmid (BD-Lam) did not yield growth on selective
media, indicating that neither NS5A nor TBC1D20 alone could self-activate the
system. Cotransfection of plasmids encoding lamin C (BD-Lam) and T antigen
(AD-T Ag) served as a negative control, while the interaction between p53
(BD-P53) and T antigen (AD-T Ag) served as a positive control. All of the
mutants for TBC1D20-NS5A interaction assays in yeast were prepared from the
pGBK-NS5A plasmid described above and a full-length TBC1D20 clone inserted
into pPGADT7.

Immunoprecipitations (IPs). The TBC1D20-NS5A interaction was confirmed
using a coimmunoprecipitation assay combined with dithiobis(succinimidylpro-
pionate) (Pierce) cross-linking (1). For this, plasmids encoding FLAG-tagged
TBC1D20 and NS5A were cotransfected into human hepatoma cells (Huh7);
24 h after transfections, the cells were incubated at 16°C for 90 min to slow
intracellular transport. The cells were then washed twice with phosphate-buff-
ered saline (PBS), overlaid with 1.5 ml PBS containing 600 uM dithiobis(suc-
cinimidylpropionate), and incubated on ice for 30 min. After removal of the
reactant solution, the reaction was quenched with two 2 ml Tris-buffered saline
(40 mM Tris-HCI [pH 8], 150 mM NacCl) incubations for 3 min.

The cells were lysed in 500 pl of IP buffer (10 mM HEPES, pH 7.4, 10 mM
NaCl, 0.1% Triton, 1 mM EGTA, Complete mini protease inhibitor tablets
[Roche]). Precleared lysates of the cells were immunoprecipitated with either a
polyclonal rabbit anti-Flag antibody (Sigma) or a mouse monoclonal anti-NS5A
antibody (Virostat) and immobilized protein A/G beads (Pierce). The IP pellets
were then washed four times with IP buffer and analyzed by Western blots
probed with the reciprocal antibodies.

For IPs involving in vitro translation reactions, NS5A-Flag or NSSAmAH-Flag
were in vitro translated (TNT; Promega) in the presence of [**S]methionine (GE
Healthcare), and TBC1D20-HA was in vitro translated in the presence of cold
methionine. The reactions were stopped by adding cycloheximide, and then
equal amounts of extract were mixed and incubated at 30°C for an additional 30
min. HA-TBC1D20 was immunoprecipitated using an anti-HA antibody. The
amount of labeled NS5A was determined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) analysis, followed by fluorography and
exposure to X-ray film.

Western blots. Lysates were separated on 10% SDS-PAGE gels and trans-
ferred to nitrocellulose membranes using a semidry transfer apparatus, es-
sentially as described previously (17). Membranes were probed with primary
antibodies to either NS5A (Virostat; 1:1,000), Flag (Sigma; 1:1,000), GFP (Mo-
lecular Probes; 1:1,000), or actin (Sigma; 1:5,000), followed by a corresponding
pair of Alexa Fluor 680-coupled (Molecular Probes) and IRDye 800CW-coupled
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(Rockland Inc.) secondary antibodies. Proteins were visualized with a LI-COR
infrared imager (Odyssey), and the images were processed with Odyssey version
1.2 infrared imaging software.

Immunofluorescence assays. Cells expressing GFP and DsRed fusion proteins
were fixed with 4% formaldehyde 24 h posttransfection and mounted using a
Mowiol mounting medium. Fluorescence images were captured using a Nikon
E600 fluorescence microscope equipped with a SPOT digital camera or a Bio-
Rad confocal microscope and OpenLab (Improvision, Lexington, MA) image
acquisition software.

siRNAs. All small interfering RNAs (siRNAs) were purchased from Dharma-
con as duplexes. The sequences of the siRNAs designed against TBC1D20 were
as follows: siRNA3, 5'-CCAGCAGAGGCCUGAUAUGUU-3' and (antisense)
5'-CAUAUCAGGCCUCUGCUGGUU-3', and siRNA1, 5'-AAGAUACACC
AGGCUCUGAAC-3" and (antisense) 5'-GUUCAGAGCCUGGUGUAUCU
U-3'. siGLO, a nontargeting control siRNA labeled with Cy3, served as a neg-
ative control and allowed the monitoring of transfection efficiency. An ON-
TARGETplus SMARTpool (siCLTC) was used to silence clathrin heavy chain
(Dharmacon; L-004001-00). siCONTROL Non-Targeting siRNA no. 1 (Dhar-
macon; D-001210-01-05) was used as a negative control in the real-time PCR
experiments. siRNA transfections were done using 100 nM siRNA and Lipo-
fectamine 2000, and siRNA electroporations employed 150 nM siRNA.

Real-time PCR. For real-time PCR experiments, 6 X 10° FLRP1 cells (Huh7
cells harboring a full-length replicon of genotype 1b) (4) were transfected with
siCONTROL or siRNA3. Twenty-four hours after transfections, the cells were
trypsinized, 2 X 10° cells were harvested for the first time point, and the
remaining cells were plated in 12-well plates (2 X 10° cells/well). For each
time point, RNA was extracted from each of three wells, using 0.5 ml of
TRIzol Reagent (Invitrogen) per well according to the manufacturer’s direc-
tions, and then subjected to reverse transcription using random hexamers and
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Real-time
PCR was performed on the resulting cDNA to quantify the amounts of
TBC1D20, HCV, and actin RNA (in separate reactions) in each sample.
Standards were made using an in vitro-transcribed HCV RNA and human
actin standard (Applied Biosystems, Foster City, CA). HCV was quantified
using primers AGAGCCATAGTGGTCT and CCAAATCTCCAGGCATT
GAGC and probe 6-carboxyfluorescein-CACCGGAATTGCCAGGACGAC
CGG-6-carboxytetramethylrhodamine. Actin was quantified using beta-actin
control reagents (Applied Biosystems) according to the manufacturer’s in-
structions. TBC1D20 was quantified using a TagMan Gene Expression Assay
probe and primer set for TBC1D20 (Applied Biosystems; Hs00299060_m1).

In-cell Western blots. Huh7.5 cells were transfected with either anti-TBC1D20
siRNA duplexes (siRNA3 and siRNA1), siGLO used as a negative control, or
siRNA targeting the heavy chain of clathrin (siCLTC) as a positive control.
Twenty-four hours after the transfections, the cells were trypsinized, and 20,000
cells were plated per well in a 24-well plate. Forty-eight hours after transfection,
the cells were infected with cell culture-grown HCV (titered at a 50% tissue
culture infective dose of 3.2 X 10%/ml and subsequently concentrated 100-fold
prior to inoculation, as described by Lindenbach et al. and Reed and Muench
[14, 24]). Adapted from the method of Counihan et al. (7), 6 days after infection,
the cells were fixed with 4% formaldehyde and stained with a monoclonal
antibody against HCV core protein (17) and a rabbit polyclonal anti-calnexin
antibody (Stressgen), followed by the matching secondary goat anti-mouse
IRDye800 (Rockland Immunochemicals) or goat anti-rabbit Alexa Fluor 680
(Molecular Probes) antibody. The plates were scanned using an Odyssey infrared
imaging system (Li-Cor Biosciences) at a resolution of 169 wm and a laser
intensity of 5. The integrative intensities of the signals in each channel were
measured using Odyssey version 1.2 infrared imaging software, allowing the
determination of the core-to-calnexin normalized signal. In untreated cells, typ-
ically over 50% of the cells were infected.

Colony formation assays. In vitro-transcribed RNAs were electroporated into
Huh-7 cells, essentially as described previously (10) with minor modifications.
Briefly, 100 ng of in vitro-transcribed RNA and 150 nM of siRNA were mixed
with 4 X 10° cells in RNase-free PBS (Biowhittaker) and transferred into a
2-mm-diameter gap cuvette (BTX, San Diego, Calif.). Electroporation was per-
formed using a BTX model 830 electroporator (the electroporation conditions
were 0.68 kV and five periods of 99 ws at 500-ms intervals). The pulsed cells were
left to recover for 10 min at room temperature and then diluted in 10 ml of
prewarmed growth medium. The cells were plated in 10-cm tissue culture dishes
at different dilutions. The greatest number of cells plated was 3.2 X 10° cells/dish.
At 24 h postelectroporation, the cells were supplemented with untransfected
feeder Huh-7 cells to a final density of 10° cells/plate. Twenty-four hours later,
the medium was supplemented with G418 to a final concentration of 1 mg/ml.
This selection medium was replaced every 4 days for 3 weeks. Following selec-
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FIG. 1. TBC1D20 interacts with the N terminus of NS5A. (A) (Left) A plate from the GAL4-based yeast two-hybrid assay lacking tryptophan
and leucine on which yeast cotransformed with the indicated plasmids was plated, selecting for the presence of both the bait (BD; Leu) and prey
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tion, the plates were washed with PBS, incubated in 1% crystal violet in 20%
ethanol for 5 min, and washed five times with H,O to facilitate colony counting.

RESULTS

The Rab-GAP TBC domain protein TBC1D20 is a binding
partner protein of NS5A. Full-length NS5A from genotype 1b
was used as bait to screen a human liver cDNA prey library in
a GAL4-based yeast two-hybrid screen. Out of 8.6 X 10° col-
onies screened, 73 positive clones were isolated and se-
quenced. One of these encoded a protein previously termed
TBC1D20 (accession number BC014983). TBC1D20 contains
a Rab-GAP TBC homology domain found in all known Rab-
GAPs (19).

The authenticity of the TBC1D20-NS5A interaction was
confirmed in a variety of ways. First, an artifactual false-posi-
tive reading due to potential self-activation of either NS5A or
TBC1D20 was ruled out by cotransformation with empty prey
(for NS5A) or irrelevant bait plasmid (for TBC1D20) (Fig.
1A). Second, prey and bait plasmid inserts were switched to
rule out nonspecific interactions (Fig. 1A). To further pinpoint
the domains essential for the interaction, a series of deletion
mutants of both NS5A and TBC1D20 were prepared. Expres-
sion of all mutants was verified using Western blotting (data
not shown). Pairs of deletion mutants were then transformed
into yeast to test for possible interactions (Fig. 1B). Three of
the NS5A mutants (A4-27, NS5A 237-447, and NS5A 237-302)
grew on selective media without a partner plasmid, indicative
of self-activation, and were thus noninformative. Analysis of
the remaining clones indicated that the minimal domain suffi-
cient for interaction with TBC1D20 resided within amino acids
1 to 100 of NS5A. Within TBC1D20, the minimal interaction
domain with NS5A was mapped to the region containing
amino acids 269 to 403.

The TBC1D20-NS5A interaction was further confirmed by
reciprocal coimmunoprecipitation assays (Fig. 1C). Lysates
from Huh?7 cells cotransfected with Flag-tagged TBC1D20 and
NS5A were immunoprecipitated with anti-Flag or anti-NS5A
antibodies, followed by immunoblotting with either anti-NS5A
or anti-Flag, respectively. As shown in the right half of Fig. 1C,
TBCI1D20 could bring down NS5A and NS5A could bring
down TBCI1D20, confirming that these proteins interact in
cells.

NS5A has an N-terminal AH that is necessary and sufficient
for membrane localization and whose genetic disruption im-
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pairs HCV replication (5, 10). Our yeast two-hybrid results
showed that the TBC1D20-NS5A interaction depends on a
region within NS5A that contains the AH. We hypothesized
that the AH might play a role in the NS5A-TBC1D20 inter-
action. For example, the AH could be a part of the epitope
necessary for interaction with TBC1D20. Alternatively, the
AH might mediate the association of NS5A with the mem-
branes containing TBC1D20 while another domain within the
first 100 amino acids of NS5A interacts with TBC1D20. In an
attempt to distinguish between these two possibilities, we per-
formed a coimmunoprecipitation experiment using proteins
translated in vitro in the absence of membranes. As shown in
Fig. 1D, while the wild-type NS5A could be immunoprecipi-
tated with TBC1D20, NS5A with a mutated AH could not.
These results further confirm the NS5A-TBC1D20 interaction
and suggest that the interaction is mediated by the NS5A AH.
Because this AH dependence can be demonstrated in the ab-
sence of membranes, the results also suggest that the AH role
in the NS5A-TBC1D20 interaction is not limited to simply
mediating association with the membranes containing
TBC1D20. Rather, an intact AH appears to be required to
create the motif for direct interaction with TBC1D20.
Finally, confocal immunofluorescence microscopy demon-
strated partial colocalization of the two partner proteins within
cells (Fig. 2). Colocalization was detected when fluorescently
tagged versions of TBC1D20 and NS5A were expressed in
Huh7 cells with in-frame fusions of N-terminal GFP and C-
terminal DsRed, respectively (Fig. 2A). Partial colocalization
was also detected when GFP-tagged TBC1D20 was transfected
into FLRP1 cells (3) (Fig. 2B) or Bart-HA cells (Huh7 cells
harboring a subgenomic 1b replicon with an HA tag inserted in
frame into the C-terminal segment of NS5A) (Fig. 2C). The
fraction of colocalizing NS5A and TBCI1D20 could be in-
creased when intracellular transport was inhibited by incuba-
tion of the cells for 90 min at 16°C (26) (Fig. 2C).
siRNA-mediated depletion of TBC1D20 inhibits HCV RNA
accumulation in full-length replicon cells. We next wished to
examine whether HCV replication is dependent on TBC1D20.
For this, we turned to siRNA technology to establish a means
of inhibiting the level of TBC1D20 in cells. Two custom siRNA
duplexes (siRNA3 and siRNA1) were designed against
TBC1D20 and tested for efficacy at reducing expression of a
GFP-TBC1D20 fusion protein expressed from a plasmid trans-

(AD; Trp) plasmids. LamC, lamin C; T Ag, T antigen. (Right) The same yeast cotransformants, but on a selection plate lacking histidine and
adenine, as well as tryptophan and leucine, thus selecting for a reconstituted transcription factor (BD plus AD) mediated by interaction between
proteins fused to the respective BD and AD and leading to production of histidine and adenine. This plate demonstrates the specificity of the
interaction between NS5A and TBC1D20 and the absence of self-activation with either partner protein alone. See Materials and Methods for
additional details. (B) Minimal domains mediating interaction between NS5A and TBC1D20 (circled in red), as determined by interactions of the
indicated deletion mutants (the numbers represent the amino acids present in the respective mutants) in yeast two-hybrid assays. +, growth on
selective media; green font, noninformative assays due to self-activation of certain mutants. (C) Coimmunoprecipitation of FLAG-tagged
TBC1D20 and NS5A from Huh?7 cells. Lysates from Huh7 cells cotransfected with FLAG-tagged TBC1D20 and NS5A were immunoprecipitated
with anti-FLAG or anti-NS5A antibody, followed by immunoblotting with either anti-NSS5A or anti-Flag, respectively. (D) An in vitro-translated
AH mutant of NS5A does not interact with TBC1D20. NS5A-FLAG and its AH mutant were in vitro translated in the presence of [**S]methionine.
The proteins were then mixed with cold in vitro-translated HA-TBC1D20 and incubated for an additional 30 min at 30°C. HA-TBC1D20 was then
immunoprecipitated using an anti-HA antibody. The amounts of labeled wild-type or mutant NS5A were determined by SDS-PAGE analysis,
followed by fluorography and exposure to X-ray film. Note that the wild-type, but not AH mutant, NSSA coimmunoprecipitated with TBC1D20
(compare lane 4 to lane 6).
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FIG. 2. Partial colocalization of TBC1D20 and HCV NS5A. (A) Plasmids encoding GFP-fused TBC1D20 and NS5A fused to Ds-Red were
cotransfected into Huh7 cells. The cells were fixed 24 h after transfection. (B) Colocalization of TBC1D20 and NS5A in full-length replicon cells.
A plasmid encoding GFP-fused TBC1D20 was transfected into FLRP1 cells. The cells were fixed after 24 h and stained with anti-NS5A primary
and Alexa 594 secondary antibodies. (C) Colocalization of TBC1D20 and NS5A in replicon cells increases under low-temperature transport
inhibition. A plasmid encoding GFP-fused TBC1D20 was transfected into cells expressing the Bart-HA replicons (a replication-competent
subgenomic replicon with an HA tag inserted into the C-terminal region of NS5A). Twenty-four hours after transfection, the cells were incubated
for 90 min at 16°C, followed by immediate fixation. The cells were stained with anti-HA primary and Alexa 594 secondary antibodies. (A to C)
Experiments were visualized using a confocal microscope. On the right are merged images of the corresponding left-hand and middle single-
channel fluorescent images. Prominent colocalizations are marked with white arrows. The insets in the left lower corners are enlargements of
selected colocalized regions (indicated by arrowheads). (D) Representative fluorescence intensities showing colocalization in a cell with low levels
of TBC1D20 expression. The left-hand image indicates the areas of colocalization through which line scan intensities were analyzed (note that
these are the same colocalizations indicated by the box with an asterisk in the right-hand image of panel B). The middle image indicates the levels
of lines scanned (x and y) to record fluorescence intensities in each of the red and green channels. The right-hand image indicates the actual lines
scanned (white lines) with the corresponding fluorescence intensity recordings, which are indicative of colocalization.

fected into the Huh-7 cell line (Fig. 3A). Efficency was deter-
mined by Western blotting using anti-GFP antibodies to blot
lysates from the above-mentioned cells (Fig. 3B, compare un-
treated lane 1 to lane 3). siRNA3 reduced most of the GFP
signal (Fig. 3A and B) compared to the untreated control,
indicating that the siRNA could indeed efficiently knock down
TBCID20 expression. siRNA1 could also inhibit TBC1D20
expression but was somewhat less efficient than siRNA3 (Fig.
3A and B). The efficiency of siRNA3 was also tested against
endogenous TBC1D20 in cells harboring stably replicating full-
length HCV replicons using a quantitative reverse transcrip-
tion-PCR assay (Fig. 3C). Endogenous TBC1D20 RNA levels
were significantly reduced (65%) within 24 h of siRNA trans-

fection. The highest inhibition levels (more than 80%) were
achieved after 72 h.

RNA from the same experiment was tested for HCV RNA
levels (Fig. 3D). Viral-RNA levels in TBC1D20 siRNA-treated
cells were reduced by 50% 48 h after transfection, reaching a
maximum inhibition level of 60% after 96 h. This effect was not
seen in the cells transfected with the control siRNA, suggesting
a role for TBC1D20 in HCV RNA production. The extent of
HCYV inhibition as a result of TBC1D20 depletion was equal to
or greater than that observed with inhibition of other host
targets reported to play a role in HCV replication (29, 35). Of
note, TBC1D20 depletion had no obvious effect on cell viabil-
ity as measured by the Alamar blue assay (Fig. 3E).
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FIG. 3. TBC1D20 knockdown reduces HCV RNA levels in cells with established HCV replication without affecting cell viability. (A) A plasmid
encoding a GFP-TBC1D20 fusion protein was transfected into Huh7 cells in the absence (left) or presence (middle and right) of siRNA duplexes
(siRNA1 or siRNA3, respectively) designed against TBC1D20. (Top) Images were taken 24 h following transfection using a fluorescence
microscope. (Bottom) Corresponding phase-contrast images. (B) Western blots of lysates from cells transfected as in panel A were probed with
antibodies against GFP (top) or actin (bottom). (C) TBC1D20 knockdown using custom siRNAs. Cells with established replication of full-length
HCYV replicons (FLRP1) were transfected with a TBC1D20-targeting siRNA (siRNA3) or a control nontargeting siRNA. Total cellular RNA was
harvested every 24 h and was used to determine TBC1D20 mRNA levels by quantitative real-time PCR. (D) RNA from the same experiment was
used to determine HCV RNA levels by quantitative real-time PCR. The results were normalized to actin RNA levels. Values (means plus standard
deviations) from three independent wells are shown and are expressed as percentages of the control. (E) Alamar blue assays for cell viability were
performed at the indicated times following transfection of anti-TBC1D20 (siRNA3) or control (siCt) siRNAs.

Depletion of TBC1D20 inhibits HCV infection and RNA
replication. The above-mentioned experiments demonstrated
that the efficiency of HCV RNA accumulation is sensitive to
TBC1D20 depletion. siRNA-mediated depletion of a target
gene, however, is only expected to be maximally efficient over
a limited time. Moreover, to the extent that HCV dependence

on TBC1D20 is predominantly restricted to the initial estab-
lishment of the sites of replication, replication complexes al-
ready established prior to anti-TBC1D20 siRNA transfection,
or complexes whose effective half-lives are longer than the
window of maximal siRNA-mediated TBC1D20 depletion,
would not be expected to be significantly affected by our tran-
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FIG. 4. Depletion of TBC1D20 inhibits HCV infection. (A) In-cell
Western blots of Huh7.5 cells transfected with the indicated siRNA
duplexes, followed by infection with HCV. Six days after infection, the
cells were fixed and stained with a primary antibody against HCV core
protein (17) and an IRDye800-conjugated secondary antibody, fol-
lowed by infrared scanning to identify HCV-infected cells. siGLO,
negative control siRNA; siRNA3 and siRNAI, anti-TBC1D20 siRNAs;
siCLTC, positive control anti-clathrin heavy chain siRNA. See Mate-
rials and Methods for additional details. (B) The above-mentioned
infected cells were simultaneously stained with a primary antibody
against calnexin- and Alexa Fluor 680-conjugated secondary antibody,
and the staining intensity was measured by infrared scanning. The
core-to-calnexin normalized signal was quantified and plotted, ex-
pressed as a percentage of the control. The data are means plus
standard deviations from triplicate wells. Note that depletion of
TBC1D20 inhibited infection to the level observed by depletion of
clathrin heavy chain (2).

% of siGLO control

sient depletion of TBC1D20. Thus, siRNA transfection of
FLRP cells (as in Fig. 3D) in which HCV replication has
already been established may mask the full potential effect of
TBC1D20 inhibition on HCV replication. Therefore, we next
wished to examine the effect of TBC1D20 depletion on the
initial establishment of HCV infection and replication. The
ability of TBC1D20 knockdown to prevent new infection was
assayed using the recently described infectious HCV clone
(14). Target cells were first treated with the above-mentioned
siRNAs to deplete endogenous TBC1D20, followed by infec-
tion with an inoculum of infectious HCV (genotype 2a, pro-
duced in vitro, as described previously [14]). After 6 days, the
cells were fixed and processed using a modified in-cell Western
assay (7) that employed a monoclonal antibody to the HCV
core protein to detect infected cells. As shown in Fig. 4,
siRNA3 dramatically reduced the ability of HCV to establish
infection compared to cells treated with a control siRNA
(siGLO, a fluorescent RISC-free siRNA [Dharmacon]). siRNA1,
which was less efficient at depleting TBC1D20 expression, was
associated with an intermediate level of HCV inhibition. The
extent of inhibition achieved by targeting TBC1D20 was com-
parable to that achieved by an siRNA targeting the heavy chain
of clathrin (siCLTC), which has recently been shown to pre-
vent HCV infection via its inhibition of HCV entry (2). Al-
though there was some variability in the control treatment

J. VIROL.

samples, the inhibition results were clearly significant (siGLO
versus siRNA3; ¢ test, P < 0.02). We thus conclude that
TBC1D20 is required for efficient HCV replication. To further
pinpoint the stage of the HCV life cycle dependent on
TBC1D20, we performed colony formation assays using high-
efficiency second-generation HCV subgenomic replicons
(Bart791 [3] carrying the gene for neomycin resistance). These
replicons are fully competent for viral-RNA genome replica-
tion but lack the viral structural proteins and are unable to
either form virus particles or infect new cells. The subgenomic
replicons were electroporated into Huh7 cells with siRNA3
(5A, bottom left) or siRNA1 (5A, bottom right) or with siGLO
as a negative control (5A, top left). Bart791 with a lethal
mutation in the polymerase gene (3) served as a positive con-
trol for replication inhibition (5A, top right). The resulting
G418-resistant colonies indicative of HCV RNA replication
were stained with crystal violet. Again, HCV replication was
dramatically inhibited as a result of impairing the expression of
TBC1D20.

DISCUSSION

Although positive-strand viruses like HCV replicate their
genomes in intimate association with host intracellular mem-
branes and actually create novel membrane structures in order
to effect this process, the identities of the requisite proteins
provided by the host cell have been largely unexplored. Here,
we report the identification of a TBC protein family member,
TBC1D20, as a binding partner of the HCV NS5A protein.
Like all TBC family members, TBC1D20 contains a Rab-GAP
homology domain required for regulating the activity of Rab
proteins involved in intracellular vesicular-membrane traffick-
ing. Depletion of TBC1D20 expression severely impairs HCV
replication and allows us to propose a model in which
TBC1D20 and the Rab-GTPase(s) under its control help me-
diate the establishment of the membrane-associated HCV rep-
lication complex.

We used a yeast two-hybrid screen to isolate this novel
cellular binding partner of NS5A. The authenticity of the
TBC1D20-NS5A interaction was confirmed using a variety of
methods, and mutational analyses allowed the assignment of
the respective domains responsible for this interaction. Using
different siRNAs specifically synthesized against TBC1D20, we
showed that depletion of TBC1D20 dramatically reduced the
ability of HCV to establish infection. We identified the mem-
brane-associated replication of the RNA genome as the step
impaired by TBC1D20 depletion, as opposed to virus assembly
or entry.

Formally, we have shown the requirement for TBC1D20 in
two different HCV genotypes. The genotypes we assayed are
the ones for which the most efficient replication systems exist.
They also span the spectrum of genotypes that are difficult and
relatively easy to treat clinically. Thus, we believe it is reason-
able to assume our findings are applicable to all genotypes.

Several Rab proteins have been previously implicated in the
life cycles of other viruses (human polyomavirus [23], human
immunodeficiency virus [32], influenza virus [28], and West
Nile and dengue viruses [12]). Most of these reports linked
Rab5 and Rab7 to early events of viral infection through inhi-
bition of viral entry using dominant-negative Rab mutants.
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FIG. 5. Depletion of TBC1D20 inhibits HCV RNA replication. (A) Colony formation assays of HCV subgenomic replicons (Bart791) (3)
coelectroporated with anti-TBC1D20 siRNA duplexes (siRNA3, bottom right; siRNA1, bottom left) or with siGLO as a negative control (top left)
into Huh-7 cells. The cells were plated in different dilutions. Shown are plates plated with 3.2 X 10° cells. Following selection in G418, resistant
colonies were stained with crystal violet. Bart791 with a lethal mutation in the polymerase gene (3) served as a positive control for replication
inhibition (top right). For each, a representative plate is shown. (B) Quantitation of the results in panel A, where the number of colonies obtained
for each condition is expressed as a percentage of the control. Note that a few colonies were obtained with the siRNAl-treated cells and rare
colonies were obtained with the Pol- or siRNA3- treated cells. The error bars indicate standard deviations. (C) Transduction efficiencies expressed

as colonies/pg RNA are shown for each condition in panel A.

Others used various immunofluorescence techniques to impli-
cate Rabs in the entry pathways of Semliki Forest virus (33)
and mouse polyomavirus (13). One previous report (18) re-
vealed a role for Rab9 in viral replication by depletion of Rab9
expression using siRNA. These studies did not demonstrate,
however, any physical interaction between the above-men-
tioned Rabs and any viral gene products. There is one descrip-
tion of coimmunoprecipitation of Rab5 with rotavirus VP4, but
no role for this interaction in the viral life cycle was demon-
strated (11). Recently, an interaction between HCV NS4B and
Rab5 was described (29), and Rab5 depletion was associated
with impaired HCV genome replication. No viral interactions
with Rab-GAPs have previously been described. Targeting
these Rab master regulators, however, appears to be an effec-
tive way to redirect specific components of the host cell traf-
ficking machinery toward viral needs. Our findings show that,
indeed, such an attractive opportunity has not been overlooked
by HCV.

HCV NS5A has generated considerable interest because it
interacts with a variety of host signaling proteins. For example,
the highly conserved C-terminal PXXP polyproline motif in
NS5A is able to interact with the Src homology 3 domains of
the adaptor protein Grb2 (growth factor receptor-bound pro-
tein 2) and members of the Src family of tyrosine kinases (16,
30). Several NS5A-interacting proteins have been implicated in
protein trafficking and are associated with membrane struc-
tures (27, 36). Depletion of some NSS5A-interacting partners,
such as FBL2 (34), Raf-1 (6), and hVAP-A (35), was shown to
affect viral replication. Interestingly, as is presumed for
TBC1D20, hVAP-A is involved in intracellular-vesicle traffick-
ing and is thought to be important for establishing the HCV
replication complex (31), further highlighting the relationship
to, and likely exploitation of, host cell membrane-trafficking
machinery for the benefit of the HCV life cycle.

The interaction between HCV NS5A and TBC1D20 is sup-
ported by several independent assays, including functional in-
teraction within live cells (Fig. 1A), coimmunoprecipitation
(Fig. 1C and D), and colocalization using immunofluorescence
(Fig. 2). As with any experiment involving transfection, there is
a potential for false-positive interactions induced by high-level
overexpression of protein. That the interaction between NS5A
and TBC1D20 can be demonstrated in multiple independent
systems, including in vitro translation reactions where overex-
pression of protein is not an issue, argues for the specificity
of the NS5A-TBC1D20 interaction. The mutational analysis
shown in Fig. 1B identifies the C-terminal domain of
TBCI1D20 as the region that interacts with NS5A. This fits
nicely with the location of the predicted enzymatic domain of
TBC1D20, as it appears to leave the TBC domain of TBC1D20
free to interact with the Rab(s) under its control. That
TBC1D20 can be efficiently depleted is shown in Fig. 3. Sur-
prisingly, such depletion was not associated with any significant
toxicity (Fig. 3E), suggesting that the role of TBC1D20 in host
cell trafficking is dispensable, is still functional at low levels of
TBC1D20 expression, or can be supplied by other means.
However, this does not appear to be the case for the role of
TBC1D20 in the HCV life cycle. Indeed, Fig. 4 indicates that
TBC1D20 depletion inhibits the establishment of HCV infec-
tion. This conclusion is also supported by the colony formation
assay data of Fig. 5. Moreover, because this system does not
support virus assembly or entry, it helps pinpoint the critical
stage of the HCV life cycle that is dependent on TBC1D20.
While TBC1D20 might play a role in promoting the transla-
tional efficiency of the genomic RNA, because the Rabs
regulated by Rab-GAP proteins like TBC1D20 mediate
membrane-trafficking events, we favor the hypothesis that
TBC1D20 helps mediate the establishment of membrane-as-
sociated RNA genome replication.
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The precise Rabs that are regulated by individual Rab-GAPs
are not known for most TBC domain family members, includ-
ing TBC1D20. This stems in part from the existence of over 70
Rabs in the human genome. Nevertheless, it will be interesting
to identify the specific Rab(s) under the control of TBC1D20,
as well as to evaluate the roles of TBC1D20 and other Rab-
GAPs in the life cycles of other viruses.

Our study is the first to describe an interaction between a
Rab-GAP family member and a viral protein. This highlights a
novel mechanism whereby viruses may subvert host cell mem-
brane-trafficking machinery. In the case of HCV, replication
occurs on a specialized membrane structure triggered by the
virus within the host cell cytoplasm (8). Our results led us to
propose a new model in which the establishment and/or main-
tenance of this membranous replication platform is mediated
in part by NS5A’s hijacking of TBC1D20 and the Rab-
GTPase(s) under its control. Although Rab5 (29) is such a
candidate Rab, based on the apparent endoplasmic reticulum
localization of TBC1D20 and the postulate that the mem-
brane-associated HCV replication complex is assembled using
endoplasmic reticulum-derived membranes containing viral
proteins, we predict that the Rab(s) regulated by TBC1D20 is
more likely to be one associated with the endoplasmic reticu-
lum. Finally, because inhibition of TBC1D20 severely impaired
HCV RNA replication with no obvious effect on cell viability,
pharmacologic disruption of TBC1D20, or its interaction with
NSS5A, can be contemplated as a potential antiviral strategy.
Identification of a host cell function upon which the virus
depends but whose inhibition the cell can tolerate is particu-
larly attractive in the case of HCV, for which resistance to
classic antiviral agents targeting viral functions is expected to
be a major challenge in the years to come. Because in a strat-
egy targeting TBC1D20 the targeted locus is a host cell func-
tion, i.e., not under genetic control of the virus, it may repre-
sent a far greater evolutionary challenge for HCV to overcome
than one that could be achieved by simple mutation of its own
genome.
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